Text {#S0001}
====

In a recent study, we described a novel animal model faithfully and robustly recapitulating a papillary type II Renal Cell Carcinoma (PRCC).^[1](#CIT0001)^ Of interest, this was obtained by inactivation of a single tumor suppressor gene, Tuberous Sclerosis Complex 1 *Tsc1*, a master negative regulator of the mTORC1 complex. We found that inactivation of the *Tsc1* gene in a renal tubular segment-restricted Cre mouse line (Cadherin 16-Cre, also called Kidney Specific Cre, Ksp-Cre) results in a mild renal cystogenesis.^[2](#CIT0002)^ The late onset and slow progression of cyst formation likely allowed sufficient time for the cystic lesions to transform into papillae, initially layered by a monostratified epithelium and subsequently acquiring multistratification. These initial steps are followed by formation of cystadenomas and ultimately an overt carcinoma phenotype that was shown positive for specific markers of papillary type II renal cell carcinoma, providing the first animal model of type II PRCC generated to date.^[1](#CIT0001)^ Importantly, the different type of lesions are progressive and occur with full-penetrance at different time points after birth of the animals.^[1](#CIT0001)^ Mechanistic studies on these tissues revealed an unexpected and previously unsuspected link between two important tumorigenic cascades in the kidney: that of the mTORC1^[3](#CIT0003)^ and the tumor suppressor Fumarate Hydratase (*FH*) whose impairment leads to accumulation of the oncometabolite fumarate.^[4](#CIT0004)^

There are several relevant novel aspects related to the above study. First, modelling renal cancer in the mouse has been a difficult task since inactivation in the mouse kidney of classic oncosuppressors typically mutated in human Renal Cell Carcinoma (RCC) such as Von Hipple Lindau (*VHL)*, Birt-Hogg Dubè Syndrome (*BHD), TSC1* and Fumarate Hydratase (*FH)* all resulted in aggressive and fulminant polycystic kidney disease. As a consequence animals died due to renal failure, rather than progressing into cancer.^[5](#CIT0005),[6](#CIT0006)^ In contrast, simultaneous inactivation of multiple tumor suppressors in the kidney was recently reported to be required for oncogenesis to occur in animal models.^[7](#CIT0007),[8](#CIT0008)^

Several possible reasons might explain the recent study showing that inactivation of *Tsc1* was sufficient to drive tumorigenesis. First, the mild renal phenotype, likely due to the tubular restricted inactivation of the gene might have allowed for the hyper-proliferative epithelia to accumulate mutations ultimately leading to the malignant phenotype observed. A secondpossibility is that this specific Cre line might be targeting a tubular subpopulation responsible for the phenotype observed. Indeed, recent work using single cell sequencing has uncovered that the cellular complexity within the murine nephron is even higher than previously appreciated, and novel cell types could be observed.^[9](#CIT0009)^

One important feature of the animal model described is the progressive transformation from benign, cystic lesions, to the formation of cystadenomas and carcinomas.^[1](#CIT0001)^ This important feature allowed for the dissection of metabolic alterations in the pre-malignant versus malignant lesions. Indeed, untargeted metabolomics revealed metabolic changes in the cancerous versus pre-cancerous mutant kidneys, some of which were expected based on previous work in non-renal cancers, such as glycolysis, pentose phosphate pathway, purine biosynthesis and fatty acids biosynthesis. However, the studies also uncovered a previously unrecognized role for mTORC1 in regulating the levels of fumarate. This metabolite has been shown to accumulate in a subtype of renal carcinomas, i.e. the papillary type II RCC caused by mutation of *FH*, an enzyme deputed to convert fumarate into malate in the TCA cycle. Our study demonstrates that the fumarate hydratase enzyme is downregulated in response to mTORC1 chronic upregulation causing a gradual accumulation of fumarate, which correlates with, and likely causes the transforming phenotype.

In recent years the concept of onco-metabolites arose, proposing a role for metabolic reprogramming that goes beyond the energetic demands and adaptation of cells *per se*. Indeed, large accumulation of few key metabolites was shown to drive profound epigenetic alterations. In particular, storage of fumarate was shown to cause epigenetic changes resulting in epithelial to mesenchymal transition (EMT).^[10](#CIT0010)^ Thus, one possibility is that the combined upregulation of mTORC1 signaling and of fumarate accumulation might lead on the one hand to metabolic reprogramming actively contributing to cell proliferation, while on the other hand fumarate storage might lead to EMT in the cells that accumulate higher levels. Together, these two activities might be driving the progressive transformation of the cystic benign epithelial lesions into more aggressive carcinomas ([Figure 1](#F0001)).10.1080/23723556.2018.1537709-F0001Figure 1.**Schematic overview of the step-wise transformation of renal cysts into cystadenomas and carcinomas, driven by the mTORC1-Fumarate axis. B**. Schematic representation of the progressive transformation of cysts into papillae which gradually become cystadenomas and carcinomas. **A**. The proposed series of events that occurs downstream of the chronic activation of mechanistic target of rapamycin complex 1 (mTORC1). Downregulation of the enzyme fumarate hydratase (FH) leads to the accumulation of the oncometabolite fumarate, previously described to drive a program of epithelial to mesenchymal transition (EMT) though epigenetic regulation. Thus, fumarate-driven EMT along with the metabolic reprogramming and proliferation mediated by the mTORC1 cascade, are likely responsible for the transforming phenotype observed. Part of the images were taken from Servier Medical Art Images ([*http://smart.servier.com/*](http://smart.servier.com/)).

Finally, we provide evidence that the novel link between mTORC1 and the *FH* enzyme is conserved in humans given that clear cell carcinoma specimens (ccRCCs) carrying mTORC1 upregulation were found to manifest a strong correlation with *FH* downregulation and Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2 also known as Nrf2) upregulation. Future studies are needed to test whether this mTORC1/fumarate axis can be exploited to better classify cancers and/or for therapeutic purposes. For instance, the work suggests that renal cell carcinomas accumulating fumarate (which could in principle be detected in the urine) are expected to respond better to the use of rapalogues in the clinic.

In conclusion, we demonstrated that chronic activation of mTORC1 in a restricted segment of the renal tubule is sufficient to drive a progressive transformation of benign lesions into cancers in the mouse. Mechanistically, we found that mTORC1 activation drives down-regulation of *Fh1* and subsequent accumulation of the oncometabolite fumarate, ultimately leading to transformation. Our data provide a causal link between metabolic derangement downstream of mTORC1 and carcinogenesis in the kidney.
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